Introduction
Inhibition of nitric oxide synthesis both in vivo and in vitro by asymmetric dimethylarginine (ADMA) was described more than 20 years ago [1] . Asymmetric dimethylarginine is currently accepted as an active mediator of endothelial dysfunction and an independent predictor of cardiovascular (CV) risk and mortality in both the general population and maintenance dialysis patients [2, 3] . For persons in the earlier stages of CKD, the situation is not so clear. Chronic kidney disease stage 3-4 patients with higher ADMA had a worse long-term prognosis of CV outcome [4] . Other studies have failed to confirm these findings. In a study of 221 non-dialysis patients with CKD, the levels of ADMA were only slightly higher compared with those of controls and did not correlate with GFR, coronary heart disease, and left ventricular hypertrophy [5] . In addition to its effect on the endothelium, ADMA may have a direct toxic effect on renal tissue. In an animal experiment, increased concentrations of ADMA caused renal fibrosis [6] . Renal tubular cells play an important part in the metabolism of ADMA [7] . Oxidative stress and reduction of tubular mass in CKD may dysregulate or reduce the capacity of enzymatic elimination of ADMA [8] . Other factors, such as hyperhomocysteinemia or inflammation, may also impair ADMA degradation, while therapy with some drugs (e.g. ACE inhibitors) can have a positive effect [2] .
Previous studies have usually analyzed single datasets of ADMA without taking into consideration the development of ADMA and related variables over time in the individual patient. However, the rates of glomerular and tubular dysfunction progression are variable. Progression of CKD and parallel changes in other biochemical variables including ADMA may affect each other. The aim of our study was to investigate, in a larger group of nondialysis persons with CKD stages 3-5, changes in the serum levels of ADMA in the course of one year. At the beginning of the study, and at months 6 and 12, changes of oxidative stress, other factors affecting ADMA metabolism, and glomerular and tubular function were also monitored. In addition, associations of ADMA with co-morbidities and pharmacotherapy were studied.
Material and Methods

Study populations
The study included 181 patients from the nephrology outpatient clinic of a university hospital. A control group consisted of 46 age-, sex-, smoking-, and body mass index-matched volunteers without a history of kidney disease, and with normal urinalysis and urine sediment. All participants were in stable condition for at least 3 months before the initiation of the study, and their comorbidities related to endothelial dysfunction (hypertension, ischemic heart disease, peripheral arterial disease, diabetes mellitus) were effectively treated. Hypertension was defined as blood pressure >140/90 mmHg and/or antihypertensive medication. Basic characteristics of all participants are shown in Table 1 . Exclusion criteria included malignancy, thyreopathy, liver disease, infectious disease, and immunosuppressive therapy. Causes of kidney disease were diabetic nephropathy (DN) in 35 (19%), glomerulonephritis (GN) in 39 (21%), adult polycystic kidney disease (APKD) in 9 (5%), tubulointerstitial nephritis (TIN) in 46 (25%), and hypertensive nephrosclerosis or ischemic nephropathy (HN/IN) in 52 (29%) patients. A total of 8 elderly controls with a negative history of kidney disease, normal ultrasound, urinalysis, and urinary sediment had estimated GFR (eGFR) < 60 mL/min/1.73 m 2 according to the 2009 CKD-EPI creatinine equation. Therefore, we used, in accordance with the current recommendations the 2012 CKD-EPI cystatin C equation [9] . With this equation, controls had on average a 15% higher eGFR, and all met the inclusion criterion of eGFR>60mL/ min/1.73 m 2 . The difference was probably due to a very good nutritional status and muscle mass of the elderly control subjects. To prevent underestimation of GFR and to save comparability of data, we present, in both patients and controls, only eGFR values calculated using 2012 CKD-EPI cystatin C equation. Study visits were performed at baseline and, in CKD patients, also after 6 and 12 months. A total of 17 patients (5 with DN, 6 with HT/IN, 1 with PKD, and 4 with TIN) did not complete the follow-up due to death (n=2), initiation of dialysis (n=2) or did not their blood samples drawn at months 6 and 12. The Ethics Committee of the University Hospital of Plzen approved the study and all participants gave their written consent to participate.
Biochemical measurements
Blood samples were collected in the morning hours after a 10 h fast from a peripheral vein during study visits. Asymmetric dimethylarginine, advanced glycation end products (AGE), advanced oxidation protein products (AOPP), homocysteine (HCY), creatinine, cystatin C, albumin, total cholesterol, triglycerides, and C-reactive protein levels were measured in serum, and hemoglobin in blood. Variables determined in morning urine samples included cystatin C, gamma-glutamyl transpeptidase (GGT), protein, and creatinine.
Blood and urine samples were transported to a laboratory within 30 minutes and processed immediately thereafter. Blood samples were centrifuged for 8 minutes at 2200 g and samples were stored at -80 °C until analysis. Sample analysis was performed batch-wise. Asymmetric dimethylarginine levels were assessed by ELISA (ADMA ® ELISA kit, DLD Diagnostika GmbH, Germany) performed on an AUTO-EIA II microplate reader (Labsystems Oy, Finland). Advanced glyaction end products were determined by a fluorescence method described elsewhere [10] , with modification on microplates, excitation 365 nm, emission 440 nm; Cary Elipse Fluorescence Spectrophotometer (Varian Crompack Int. BV, the Netherlands) and expressed as fluorescence units/g of plasma protein (FU/g). Plasma AOPPs were measured using a photometric method (detection at 340 nm, AUTO-EIA II microplate reader) [11] . Cystatin C in plasma and urine were determined by particle-enhanced immunoturbidimetry (Dako A/S, Glostrup, Denmark). Gamma-glutamyl transpeptidase in urine was measured using an enzymatic photometric assay (Beckman Coulter, Brea, CA, USA). All other laboratory variables were measured using standard analytical techniques. Protein, cystatin C, and GGT in urine were expressed as a ratio of the concentration of the substance to the concentration of creatinine [U_prot/U_cr (mg/mmol), U_cysC/U_cr (mg/mol), and U_GGT/U_cr (μkat/mol)], respectively. Table 1 . Basic characteristics and biochemical variables in the serum and urine of patients and controls.
Statistics
Continuous data are expressed as median (IQR) or mean ± SD. For paired and non-paired comparisons, the Mann-Whitney test and t-test were used as appropriate. Differences among variables at baseline, and after 6 and 12 months were tested with Kruskal-Wallis one-way analysis of variance on ranks or one-way analysis of variance followed by all pairwise multiple comparison procedures (Tukey test or Holm-Sidak method). Categorical variables are expressed as percentages and were analyzed by the chi-square test. To identify factors of progression, a stepwise backward and forward algorithm for a linear regression model was used with the change of eGFR per year as a dependent variable and the following independent variables: age, sex, BMI, smoking, cause of CKD, eGFR, serum ADMA, AOPPs, AGEs, homocysteine; interaction of ADMA, AOPPs, AGEs and homocysteine with eGFR; U_GGT/U_cr, U_cysC/U_cr, U_prot/U_cr, change of U_prot/U_cr per year, cholesterol, triglycerides, C-reactive protein, blood hemoglobin, diabetes mellitus, hypertension, coronary, and peripheral arterial disease, and use of statins, ACE inhibitors or ARBs. All P values were twotailed and values of P<0.05 were considered statistically significant. Analyses were carried out using R 3.0. 
Results
Basic characteristics and biochemical variables of patients and controls are given in Table 1 . In comparison with controls, patients had significantly elevated ADMA, markers of oxidative stress, and homocysteine. The urinary excretion of cystatin C was increased in CKD, while excretion of GGT was lower than in controls.
Changes in monitored variables at baseline and after 6 and 12 months are summarized in Table 2 . The levels of ADMA were stable throughout the one-year follow-up. Value of eGFR decreased at the end of the study by 12% and AGE rose significantly. The rates of urinary excretion of protein, GGT, and cystatin C were unchanged.
According to multiple linear regression, the rate of progression of eGFR was determined by the interaction between higher baseline eGFR and higher ADMA, and between higher baseline eGFR and higher AOPP. Patients with these characteristics had the most severe progression of CKD after a year of follow-up, as explained in detail in Figure 1 . The regression model revealed that not only the above interactions but, also, higher baseline AGE levels, proteinuria, hypertension, and baseline eGFR were factors of progression (Table 3) .
CV disease, while our controls were 20 years older, 24% of them were smokers, and 50% had hypertension. Our control group is therefore more compatible with the population of patients with CKD stages 3-5. The difference may also be partly due to the different method of measurement of ADMA (HPLC versus ELISA) and the small set of patients and controls compared in our study. Asymmetric dimethylarginine levels of our controls (median 0.77 μmol/L) were comparable with values found in the highest quintile (0.71 μmol/L) of one population study [13] . These persons had the highest risk of a CV event. However, it was a population of younger premenopausal woman without comorbidities, while our controls had substantially more CV risk factors. Similarly, small differences between patients and controls were found by Fleck et al. [5] . Healthy controls in Fleck's study had ADMA levels 2 ) with ADMA levels higher than median (0.87 µmol/l) had the most severe decline of eGFR. B. In the case of AOPP, interaction of baseline eGFR higher than median (> 24 mL/ min/1.73m
2 ) with AOPP levels higher than median (142 µmol/L) predicted the highest decrease in eGFR.
Table 3. Factors of CKD progression
Discussion
ADMA in patients and controls
We documented increased ADMA in 181 patients with CKD stages 3-5 compared with 46 age-, sex-, smoking habits-and body mass indexmatched controls without kidney disease. The difference in ADMA was only 13% and was stable after 6 and 12 months. The small differences contrast with the results of Kielstein reporting that, in patients with IgA nephropathy or polycystic kidney disease with GFR of 120 mL/min, ADMA levels were three times higher compared with controls [12] . Kielstein´s controls were young non-smokers without a of 0.66 μmol/L and the levels of non-dialysis patients with chronic renal failure (GFR not shown) were 0.91 µmol/L.
Progression of CKD and baseline eGFR, ADMA and oxidative stress
The most interesting result of our study was the observation that the rate of progression of CKD depends on the interaction of elevations of ADMA, AOPP, and baseline eGFR. High levels of ADMA and AOPP were predictors of rapid progression only with higher baseline eGFR values. Asymmetric dimethylarginine and AOPP were identified as factors of progression at initial eGFR > 36 mL/min/1.73m 2 and > 24 mL/min/1.73m 2 , respectively. We can speculate that therapeutic interventions against accumulation of ADMA and AOPP would be effective only in patients with higher filtration rates than these approximate "cut-off" values of eGFR.
Our results are partially consistent with the findings of Fliser who reported a correlation of GFR with ADMA in 227 non-diabetic persons with mild-to-moderate kidney disease [14] . Progressors to ESRD or to doubling of serum creatinine had higher ADMA and mean GFR of 38 ml/min/1.73m
.
Oxidative stress, glomerular and tubular function Patients had significantly higher variables of oxidative stress and homocysteine compared with controls. Advanced glycation end products also rose significantly during the one-year observation period. Oxidative stress and homocysteine are known to inhibit ADMA metabolism [2, 15] . A substantial proportion of hydrolytic degradation of ADMA catalyzed by dimethylarginine dimethylaminohydrolase (DDAH) occurs in tubular cells, while direct excretion to urine is of little importance [16] . According to one hypothesis, tubular cell dysfunction causes, particularly in diabetic nephropathy, dysregulation of the uptake and metabolism of ADMA and homocysteine [8] . In our patients, the decline of eGFR was 12% per year (median 2.5 mL/min/1.73 m 2 ). The capacity of reduced tubular mass to metabolize filtered cystatin C was lower than in controls, but stable throughout the year. Enzymuria measured as GGT excretion rate was lower in patients than in controls and also did not change. It has long been known that patients with stable CKD without acute tubular damage have lower GGT in urine than healthy persons. This is a consequence of chronically reduced tubular cells mass without concurrent tubulotoxic insults [17, 18] . Stabilized ADMA and tubular functions support our hypothesis that the gradual scaring of residual nephrons leads to a decrease in GFR, but the metabolic capacity of tubular cells can maintain balanced levels of ADMA. This may be true in the absence of acute tubulotoxic factors, e.g. iatrogenic or infectious.
Inflammation, hyperlipidemia and comorbidities associated with endothelial dysfunction
Inflammation may increase ADMA concentrations [16] . For people with moderateto-severe CKD, chronic inflammation is an important potential cause of anemia and malnutrition. Our patients had stable and low C-reactive protein, normal albumin, and were without substantial anemia. Patients with hypercholesterolemia exhibit elevated ADMA and impaired endothelium-dependent vasodilation [19] . Our patients, as a group at high CV risk, were intensively treated with statins. Statins were prescribed to 50% of our CKD patients and 20% of our controls. That was probably why the patients had significantly lower cholesterol than the control group. The medians of albumin (45-46 g/L) and C-reactive protein (2-3 mg/L) throughout the year exclude malnutrition or chronic infection as a cause of low cholesterol. Some authors reported that statins, due to their pleiotropic effects, can reduce ADMA [20] . In one study, simvastatin with oral L-arginine improved endothelial dysfunction of subjects with high ADMA [21] . However, the results are inconsistent. The design of our study does not allow for assessing a possible causal effect of statins on ADMA levels. Cardiovascular diseases and diabetes are associated with endothelial dysfunction and increased ADMA both in the general population and in CKD [2, 22] . To distinguish the effect of CKD on ADMA from that of other CV risk factors, we sought to enroll control subjects matched in age, gender, smoking habits, body mass index, and CV comorbidities. However, as is evident from Table 1 , it was impossible to find enough CKD-free volunteers with an incidence of comorbidities comparable to that of the CKD population. Therefore, as one might expect, all patients were treated with either ACE inhibitors or angiotensin 2 receptor blockers (ARBs), and some patients had a combination of both. According to some experimental and clinical studies, ACE inhibitors and ARBs may improve endothelial dysfunction and lower ADMA levels [23] [24] [25] . While the clinical relevance of this effect is unknown, an effect of administration of an ACE inhibitor/ARB on the small differences in serum ADMA between our patients and controls seems possible.
Limitations
Some limitations of our study should be mentioned. First, the observational nature of the study does not prove causality of the associations found. Second, in comparison with direct measurement of GFR, the estimate of GFR based on serum cystatin C levels can be biased. However, in a group of relatively stable CKD patients, changes of GFR (the primary outcome in our study) are not likely to be influenced by this potential bias.
Conclusions
We present a prospective controlled one-year follow-up study of the effects of ADMA, oxidative stress, and other variables related to ADMA metabolism on the progression of kidney dysfunction in 181 patients with CKD stages 3-5. We also enrolled a control group consisting of 46 age-, sex-, smoking habits-and body mass index-matched individuals without kidney disease.
In CKD patients, the risk factors of progression were the interactions of high baseline levels of ADMA with baseline eGFR > 36 ml/min/1.73 m 2 and high baseline AOPP with baseline eGFR > 24 ml/min/1.73 m 2 , respectively. A faster decline of eGFR was also associated with increased AGE, hypertension and proteinuria. Patients with these characteristics seem to be the population at risk in terms of rapid progression of CKD. They could be potential candidates of future therapies, e.g. those aimed at the DDAH/ADMA pathway or antioxidant defense.
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